One-dimensional metal/dielectric subwavelength periodic patterns have dielectric or metallic material dispersions depending on the polarization of incident light. This feature enables the development of artificial, ultrathin, birefringent films. In this study, we report polarization-sensitive beam steering from quantum emitters coupled with one-dimensional metal/dielectric metamaterial films. Electromagnetic simulations show that an Al/ITO metamaterial film functioning as a quarter-wave plate leads to vertically directed radiation for one polarization and a saddle-shaped, diverging radiation pattern for the orthogonal polarization. The strategy studied herein is extended to achieve polarized, vertically directed emission from organic light-emitting diodes. A tailored Al/ITO metamaterial mirror yields an approximately 30-fold improvement in polarization ratio, in conjunction with polarization-dependent Purcell factor enhancement.
INTRODUCTION
One-dimensional (1D) metal/dielectric subwavelength-pitch periodic patterns, frequently referred to as hyperbolic metamaterials, have a wide range of unconventional optical characteristics, including frequency-selective light absorption [1, 2] , perfect light transmission at a specific frequency and polarization [3] , enormous Purcell factor enhancement [4] , optical cloaking [5] , and super-resolution imaging [6] . In addition, 1D hyperbolic metamaterials lead to the development of ultrathin, uniaxial birefringent films because they exhibit markedly different material dispersions depending on the in-plane polarization state (transverse electric, TE, or transverse magnetic, TM) of incident light [7] [8] [9] . The anisotropy of such artificial birefringent films is readily controllable by modulating the metal/dielectric volume fraction [9] .
Furthermore, the anomalous dispersion of periodically patterned structures enables beam steering in quantum emitters via near-field coupling of optical resonances. Owing to recent advances in monolayer transition metal chalcogenides with a direct band gap, theoretical and experimental research has explored 1D periodic grooves [10] , two-dimensional (2D) photonic crystals [11, 12] , and hyperbolic metamaterials [13] [14] [15] [16] [17] . For example, Zhang et al. reported unidirectional radiation with a narrow divergence angle from monolayer MoS 2 by exploiting Fano resonance in 2D freestanding photonic crystal slabs [11] . Wu et al. observed a ring-shaped far-field distribution from monolayer WSe 2 via coupling of 2D photonic crystal cavity modes [12] . Various attempts based on birefringent hyperbolic metamaterials have been made to steer the direction of light. Mota et al. demonstrated theoretically that Ag∕TiO 2 hyperbolic metamaterials lead to polarizationindependent vertical radiation from quantum emitters [13] . Jacob et al. theoretically reported that quantum emitters placed on hyperbolic dispersive substrates lead to directional surface plasmon waves [14] . High et al. demonstrated polarizationand wavelength-dependent directing of surface plasmon waves on visible-frequency hyperbolic metamaterials [15] . Takayama et al. observed tunable, directional guiding of light in lossless thin films on naturally birefringent materials [16] . They also succeeded in separating circularly polarized light through the photonic spin Hall effect in tunable birefringence films [17] . However, to the best of our knowledge, polarizationsensitive beam steering techniques have not been developed out of plane, not in the plane of interface.
In this study, we propose an optical strategy that dramatically changes the radiation distribution of ultrathin (i.e., a thickness <λ∕8) quantum emitters depending on the polarization of incident light by coupling with 1D hyperbolic metamaterials. The material dispersions of 1D Al/ITO metamaterials were acquired by first-order approximation of the effective medium theory [7] . For normal plane waves with TE or TM polarization, the phase difference for one round-trip in Al/ITO metamaterial films was explored as functions of film thickness and fraction of Al. For an Al/ITO metamaterial film designed for a quarter-wave plate (i.e., phase difference of π ), the radiation distributions of TE-and TM-polarized dipole sources were investigated by conducting finite-difference time-domain (FDTD) simulations. Finally, the polarization-sensitive beam steering strategy was adopted in organic light-emitting diodes (OLEDs) to obtain polarized and vertically directed emission. Figure 1 shows schematics describing the radiation distribution of in-plane electric dipoles (TE or TM) when they are excited above a 1D metal/dielectric metamaterial film. Fermi's golden rule in photonics states that dipole sources emit radiation with specific angular frequency (ω) and wave vector (k) only when optical modes are available at the same (ω, k) [18, 19] . For example, a dipole source excited near a high-reflectivity mirror emits vertically directed radiation when constructive interference between the upward wave and the reflected wave occurs at the position of the dipole source. This is because the density of optical modes reaches a maximum at a vertical wave vector. This suggests that vertical radiation can be achieved for a specific polarization if a birefringent film is inserted between an emitter and a mirror [20] . In particular, a quarter-wave plate will maximize the contrast of radiation distribution between two orthogonal polarizations. In this case, the phase delay (ϕ) of the upward wave and the reflected wave is 2π (i.e., constructive interference) for one polarization, whereas ϕ is π (i.e., destructive interference) for the other polarization.
DESIGN OF 1D AL/ITO QUARTER-WAVE PLATES
To explore the difference in phase delay between two orthogonal polarizations (Δϕ), we used a 1D Al/ITO metamaterial film, as shown in the inset of Fig. 2(a) . We defined the E x (E y ) polarization as that with the electric field direction parallel (perpendicular) to that of the pitch. The wavelength of the incident light was 440 nm. Figure 2 (a) shows the material dispersion of a 1D Al/ITO metamaterial film as a function of Al filling ratio (ρ), acquired from the effective medium theory [7] . When ρ was in the range of approximately 10%-90%, the structure obeyed the dispersion of a dielectric for E x polarization (the real part of ε o > 0 ) and that of a metal for E y polarization (the real part of ε e < 0 ), which is assigned to the Type II hyperbolic metamaterial [21] . In addition, the permittivities differed considerably between E x and E y polarizations, which is indicative of a high-anisotropy birefringence film. The Δϕ was readily altered by the thickness (t) and the Al filling fraction (ρ) of the 1D Al/ITO metamaterial film, as shown in Fig. 2(b) . A quarter-wave plate (i.e., Δϕ π) was implemented at specific combinatorial sets of (t, ρ). Considering fabrication tolerances, ρ must be approximately 30%.
Figure 2(c) shows an FDTD-simulated electric field when a normal plane wave was incident on 1D Al/ITO (ρ 30%; pitch 100 nm) films with different t values, labeled I, II, and III. Each film was placed on a semi-infinite Al mirror. The simulated profiles are indicative of specular reflection because a subwavelength-pitch grating excites only evanescent (as opposed to propagating) diffraction modes. This suggests that the pitch of 100 nm is sufficient to apply for the effective medium approximation [22] . More importantly, Δϕ was π (I), π∕2 (II), or 0 (III) with appropriately designed sets of (t, ρ). This indicates that a 1D metal/dielectric subwavelength grating serves as an artificial, birefringent film. The difference between the effective medium theory and the FDTD simulation was that a reflected wave at the Al mirror experienced a different phase change for E x and E y polarizations. For the effective medium theory, we assumed that a perfect electric conductor was located at the bottom of the structure such that reflected waves experienced a phase change of π. On the other hand, for the FDTD simulation, reflected waves at the interface of the 1D Al/ITO pattern and Al mirror experienced different phase changes depending on their polarization.
POLARIZATION-SENSITIVE RADIATION DISTRIBUTION
We investigated how the 1D Al/ITO birefringent films altered the radiation distribution of an in-plane (E x -or E y -polarized) dipole source. It is well known that atomically thin quantum emitters such as 2D transition metal dichalcogenides dominantly excite only in-plane electric dipoles. A single dipole source of in-plane polarization was used to describe an ultrathin quantum emitter. The size of the dipole source was equal to the spatial resolution used in the simulation (5 nm 3 ). To maximize the contrast of radiation distribution between E x and E y polarizations, we first acquired electric-field intensity profiles for a normally incident plane wave with E x or E y polarization, as shown in Fig. 3(a) . In this simulation, a 1D Al/ITO metamaterial film with t, ρ 39 nm, 30% was placed on a semiinfinite Al mirror. While there was a constant phase difference π at all distances (h) along the propagation direction, complete constructive and destructive interference occurred at discrete h values, wherein the intensity was maximized for one polarization and minimized for the other polarization.
Figures 3(b) and 3(c) show simulated far-field distributions of E x -and E y -polarized dipole sources excited at five sampled h values within half of an optical cycle (i.e., ϕ π), marked by the black arrows in Fig. 3(a) . At h 0.125 (λ∕n), E y polarization led to vertically directed radiation, in contrast with a saddle-shaped diverging radiation pattern for E x polarization. This is because complete constructive (for E y polarization) and destructive (for E x polarization) interference occurred simultaneously at the h value. In contrast, at the other end of the range, h 0.375 (λ∕n), the phenomenon was the reverse of the previous one, with the E x polarization exhibiting vertical radiation and E y exhibiting lateral radiation. As h moved away from the complete (as opposed to partial) interference positions, the contrast of the far-field distributions for the two orthogonal polarizations became less significant [see the middle panels of Figs. 3(b) and 3(c) ]. Therefore, in practice, a phase-adjusting dielectric layer with a thickness tailored to induce complete interference can be inserted between a quantum emitter and a birefringent film. Taken together, the thickness (t) of a 1D hyperbolic metamaterial film and the position (h) of a quantum emitter determine the direction of radiation depending on its polarizations.
POLARIZED, VERTICALLY DIRECTED EMISSION FROM OLEDS
Polarization-dependent beam steering would be useful for improving the performance of OLEDs, particularly when they are integrated into display devices. If OLED-emitted light is polarized, the outcoupling efficiency is enhanced due to the elimination of a circular polarizer [23] [24] [25] [26] . Furthermore, other polarizer issues (e.g., cost and viewing angles) can be overcome. Thus, concerted efforts have been made to develop polarized OLEDs; in many attempts, the in-plane dipole moment of 
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excitons was aligned to a specific direction under an asymmetric internal stress [25] . In this study, we used a 1D Al/ITO metamaterial mirror (i.e., a 1D Al/ITO birefringent film placed on an Al mirror) to induce polarized OLED emission, as shown in Fig. 4(a) . A single dipole source of in-plane polarization was used to describe the light generation layer of OLEDs.
First, we investigated the structural parameters of (t, ρ) to make Δϕ equal to π, as shown in Fig. 4(b) . The t value was different from the one used in Fig. 3(a) because the 1D Al/ITO film was in contact with a different medium (an organic layer versus the air). To quantify the polarization ratio of emitted light, we obtained the Purcell factor [Fig. 4(c) ] and extraction efficiency [the left axis of the graph in Fig. 4(d) ] of an OLED structure with the 1D Al/ITO birefringent (Δϕ π) mirror as a function of the vertical position (h) of an in-plane (E x or E y ) dipole source. The Purcell factor was obtained by conducting FDTD simulation; the total energy flux of a dipole source was evaluated when the same dipole source was within the structure or in a vacuum [27] . In practical OLED devices, h can be tuned by the thickness of electron injection and transfer layers. Both the Purcell factor and the extraction efficiency had a sinusoidal dependence on h (except for h < 30 nm, where surface plasmon coupling becomes dominant), although they are not exactly in phase. More importantly, the extraction efficiency for E x polarization was maximized at h 90 nm, and that for E y polarization was maximized at h 40 and 160 nm, while those for the orthogonal polarizations were minimized. Figure 4(b) demonstrates that complete interference occurred at the h values. The profiles of electric-field intensity for E x and E y polarizations illustrate the substantial differences in their extraction efficiencies, as shown in the inset of Fig. 4(d) ; for example, at h 100 nm, E x -polarized light was vertically directed inside a light extraction cone, whereas E y -polarized light was trapped by total internal reflection. The polarization ratios were ∼30 at h 20 nm and ∼25 at h 100 nm [see the right axis of the graph in Fig. 4(c) ], accounting for the polarization-dependent Purcell factor. Note that, although the smaller h yielded a greater polarization extinction ratio, its absolute extraction efficiency was lower because of plasmonic absorption losses within the 1D Al/ITO metamaterial mirror [28, 29] . Therefore, further studies will be required for managing such plasmonic absorption losses to substantially improve the optical efficiency of OLED devices.
CONCLUSIONS
We studied the polarization-dependent beam steering of atomically thin quantum emitters coupled with 1D metal/dielectric metamaterial films. Appropriately designed 1D Al/ITO metamaterial films acted as quarter-wave plates and led to vertically directed radiation for one polarization, in contrast with diverging horizontal radiation for the orthogonal polarization. The contrast between the far-field distributions for two polarizations was greatest when quantum emitters were located at the distances along the propagation direction at which complete interference occurred. As a practical example, such artificial, birefringent films were applied to OLEDs to attain polarized and vertically directed emitted light, and the maximum enhancement in polarization ratio was approximately 30-fold. The strategy reported herein will attract greater interest if a phase-adjusting layer tunes its permittivity by an external bias (e.g., voltage, temperature, or pressure); then, beam steering on demand can be achieved in real time.
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